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A  patterned  core-shell  tin  (Sn)  nanorod  anode  is  fabricated  by  pulse  electrodeposition  of  Sn  onto  a  self- 
assembled  Tobacco  Mosaic  Virus  (TMV)  structured  nickel  current  collector.  Pulse  electrodeposition  onto 
the  virus  assembled  3D  electrode  surfaces  produces  homogenous  Sn  coatings  with  significant  void  space 
to  accommodate  the  large  volume  change  associated  with  Sn  lithiation.  The  TMV  enabled  3D  Sn  anodes 
shows  high  capacity  retention  of  560  mAh  g-1  after  100  cycles  with  the  average  capacity  fading  rate  of 
0.4%  per  cycle.  The  high  electronic  conductivity  of  Sn,  short  diffusion  length  for  Li-ions,  and  large 
interface  between  Sn  nano-rods  and  electrolyte  greatly  enhance  the  rate  performance  of  the  TMV 
enabled  Sn  anodes. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  ability  of  lithium  to  electrochemically  alloy/dealloy  with 
numerous  metals  M  (M  =  Mg,  Ca,  Al,  Si,  Ge,  Sn,  Pb,  As,  Sb,  Bi,  Pt,  Ag, 
Au,  Zn,  etc.)  [1,2]  have  made  it  a  favored  component  for  the 
production  of  rechargeable  batteries. 

discharge 

xLi++xe-  +  M  ^  ^  LixM  (1) 

charge 

In  addition,  the  high  potential  capacity  for  many  of  these  lithium¬ 
hosting  metals  has  the  potential  to  significantly  improve  the  capacity 
and  function  of  existing  lithium-ion  battery  technology.  Among  these 
metals,  tin  (Sn)  has  attracted  extensive  attention  due  to  its  high 
capacity  of  959.5  mAh  g-1  [3]  which  is  much  higher  than  graphite 
anode  (372  mAh  g-1).  However,  tin  suffers  from  low  Coulombic 
efficiency  and  fast  capacity  fading  due  to  pulverization  of  the  elec¬ 
trode  surface  resulting  from  the  high  volume  change  (356.4%)  that 
occurs  during  lithiation.  The  low  Coulombic  efficiency  but  high 
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capacity  of  Sn  anodes  will  cause  quick  capacity  decline  of  a  full  cell.  In 
the  past  few  decades,  various  technologies  have  been  employed  to 
accommodate  the  volume  change  of  Sn,  thus  enhancing  its  cycling 
stability.  The  most  successful  strategy  has  been  used  to  decrease  the 
Sn  size  to  a  nano-scale  or  in  situ  form  a  Sn/L^O  composite.  Examples 
include,  SnC>2  nanowires  [4-6],  Sn02/Sn  carbon  core-shell  nano¬ 
spheres  [7],  silicon  coated  Sn02  nanotubes  [8],  Sn  or  SnO  encapsu¬ 
lated  in  hollow  carbon  nano-spheres  [9,10],  Sn  encapsulated  in 
mesoporous  carbon  [11  ],  Sn  or  Sn02  encapsulated  in  carbon  fibers  or 
carbon  tubes  [12-14],  and  Sn  thin  film  [15-18].  With  these  nano- 
structured  Sn  materials,  the  cycling  stability  as  well  as  capacity  has 
been  greatly  enhanced. 

Electrodeposition  of  Sn  represents  a  low  cost  and  highly  efficient 
means  of  synthesizing  Sn-based  anode  materials.  To  date,  only 
a  very  limited  number  of  studies  have  attempted  to  fabricate  Sn 
anodes  via  electrodeposition  technique  [15-18].  Among  these 
previous  studies,  Hassoun  et  al.  [15]  electrochemically  deposited 
metallic  Sn  onto  a  copper  current  collector  with  various  deposition 
current  and  time  resulting  in  a  modest  increase  in  capacity  and 
cycle  stability.  Park  et  al.  [16]  incorporated  carbon  particles  into  the 
electrodeposited  Sn  electrode,  and  Zhao  et  al.  [17]  incorporated 
carbon  nanotubes  and  copper  fibers  into  the  electrodeposited  Sn.  In 
another  study,  Zhao  and  coworkers  [18]  electrochemically  depos¬ 
ited  Sn  in  a  porous  carbon  matrix  yielding  a  higher  capacity  and 
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better  cycle  stability  than  the  non-patterned  electrodeposited  Sn 
anodes. 

In  this  study,  to  further  explore  the  electrodeposition  technique 
to  synthesize  Sn  anode  with  improved  cyclic  stability,  Sn  was 
electrodeposited  onto  a  Tobacco  mosaic  virus  (TMV)  structured  3D 
current  collector.  TMV  is  a  high  aspect  ratio  cylindrical  plant  virus 
with  a  length  of  300  nm,  an  outer  diameter  of  18  nm,  and  an  inner 
diameter  of  4  nm.  Genetically  modifying  the  TMV  (denoted  as 
TMVlcys)  with  cysteine  residues  (amino  acids  with  thiol  groups)  in 
its  coat  protein  enables  self-assembly  of  3D  TMV  arrays  onto 
stainless  steel  surfaces  due  to  strong,  covalent-like  interactions 
between  the  thiol  groups  of  the  cysteines  and  metal  ions  [19].  The 
genetically  introduced  thiol  groups  also  enable  metal  coating, 
typically  nickel,  on  the  TMVlcys  surface  in  electroless  plating 
solution.  After  the  nickel  coating,  the  nickel-coated  TMVlcys  array 
on  stainless  steel  substrate  serves  as  a  3D  current  collector.  We  have 
successfully  deposited  pure  Si  and  n-type  Si  on  the  Ni/TMVlcys 
current  collector,  and  these  Si/Ni/TMVlcys  anodes  demonstrated 
exceptional  cycling  stability  [20-22].  However,  the  low  electronic 
conductivity  of  Si  still  limited  the  rate  performance  of  Si/Ni/ 
TMVlcys  anodes.  Our  findings  show  that  Sn  deposited  on  Ni / 
TMVlcys  current  collector  displays  both  enhanced  cycling  stability 
and  increased  rate  capability. 

2.  Experimental 

The  detailed  process  for  the  fabrication  of  nickel-coated 
TMVlcys  current  collectors  was  previously  presented  [20-22].  Sn 
was  electrochemically  deposited  onto  the  TMVlcys  enabled  3D 
current  collector  from  an  aqueous  solution  (0.044  M  tin  dichloride, 
0.22  M  triammonium  citrate)  in  a  two-electrode  cell  [23].  Platinum 
was  used  as  the  counter  electrode  and  the  3D  current  collector 
acted  as  the  working  electrode.  A  constant  pulse  current, 
2  mA  cm-2  (2  ms  on  and  8  ms  off),  was  applied  for  electrochemical 
deposition  to  form  a  patterned  3D  tin  anode.  Tin  dichloride  was 
reduced  electrochemically  by  the  following  reactions. 

Sn2+  +  2e~  =  Snf  (Working  electrode)  (2) 

2C1“  -  2e~  =  Cl2t  (Counter  electrode)  (3) 

With  the  additive,  triammonium  citrate,  tin  dichloride  is  able 
to  be  stabilized  in  the  neutral  aqueous  solution  for  a  long  time 
[23].  There  are  two  advantages  to  use  tin  dichloride  for  electro¬ 
deposition.  The  first  one  is  that  the  reaction  (Sn2+  +  2e_  =  Snj) 
occurring  in  the  neutral  plating  bath  involves  two  electrons 


instead  of  four  electrons  found  in  the  basic  plating  solution 
(SnO2-  +4e~  +  3H20  =  Snf  +  60H-).  This  indicates  that  the 
efficiency  in  the  neutral  aqueous  plating  solution  is  doubled 
compared  with  using  the  basic  plating  solution.  The  second 
advantage  is  that  the  plating  bath  used  in  this  work  does  not  need 
to  be  heated  to  get  better  deposition  morphology,  unlike  the  basic 
plating  bath.  This  feature  makes  the  electrodeposition  setup  less 
complex  and  easy  to  control. 

The  amount  of  electrodeposited  Sn  was  determined  by 
measuring  the  weight  difference  of  Ni/TMVlcys  before  and  after  Sn 
electrodeposition  and  by  calculation  based  on  Faraday’s  law.  The 
efficiency  of  electrodeposition  is  very  close  to  100%.  The  amount  of 
deposited  tin  on  the  electrode  is  about  0.7  mg  cm-2.  The  patterned 
3D  tin  anodes  were  characterized  using  scanning  electron  micros¬ 
copy  (Hitachi  SU-70  HR-SEM  with  energy-dispersive  X-ray  spec¬ 
troscopy  (EDS))  and  transmission  electron  microscopy  (JEOL  2100F 
field  emission  TEM).  The  electrochemical  performance  of  patterned 
Sn  anodes  is  tested  in  coin  cells  using  lithium  metal  as  the  counter 
electrode  and  1M  LiPF6  in  ethylene  carbonate/diethyl  carbonate 
(1:1)  as  electrolyte.  The  charge/discharge  behaviors  of  Sn  anodes 
were  investigated  using  an  Arbin  BT2000  battery  test  station  at 
1  A  g_1  charge/discharge  current  density.  The  Li  insertion/extrac¬ 
tion  kinetics  of  Sn  anodes  was  also  characterized  by  electro¬ 
chemical  impedance  spectroscopy  (EIS)  and  cyclic  voltammetry 
(CV)  techniques  using  the  Solartron  1260/1287  electrochemical 
interface.  10  mV  voltage  amplitude  and  a  frequency  range  of  1  MHz 
and  0.005  Hz  were  used  in  EIS  test  and  0.2  mV  s^1  scan  rate  was 
used  in  CV  test. 

3.  Results  and  discussion 

Fig.  la  shows  the  SEM  image  of  the  TMVlcys  structured  Sn 
anode  after  electrodeposition,  and  the  TEM  image  of  a  single  Sn/Ni/ 
TMVlcys  nanorod  is  shown  in  Fig.  lb.  The  diameter  of  the  TMVlcys 
core  is  ~18  nm,  the  thickness  of  the  Ni  shell  is  also  ~18  nm,  and 
the  thickness  of  the  Sn  layer  is  ~  10  nm.  The  rod  shaped  TMVlcys 
particles  are  known  to  form  end  to  end  self  associations  leading  to 
Ni/TMVlcys  lengths  that  vary  from  300  nm  for  a  single  TMVlcys  to 
900  nm  for  three  aligned  particles  [20,21].  Fig.  lb  also  shows  the 
elemental  distribution  in  the  radial  direction  in  a  single  nanorod. 

The  prepared  3D  Sn  anode  was  characterized  by  XRD  to  inves¬ 
tigate  the  structure  of  the  Sn  layer.  As  shown  in  Fig.  2,  the  peaks  of 
crystalline  Sn  (PCPDF#  040673)  and  Ni-Sn  alloy  were  found  in  the 
XRD  pattern.  The  Ni-Sn  alloy  is  formed  on  the  interface  between  Ni 
and  Sn  layers  at  the  beginning  of  Sn  layer  growth.  This  Ni-Sn  alloy 
does  not  affect  the  capacity  of  tin  because  Ni-Sn  alloy  is  able  to 


Fig.  1.  (a)  SEM  image  after  tin  electrodeposition  and  (b)  TEM  image  with  XDS  patterns  of  a  single  Sn/Ni/TMVlcys  nanorod. 
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Fig.  2.  XRD  patterns  of  the  3D  tin  anode  and  bare  substrate. 

react  with  lithium  to  form  Ni  metal  and  LixSn  alloy  [24].  The 
formation  of  Ni-Sn  alloy  enhanced  the  bonding  between  Si  and  Ni 
substrate,  which  improved  the  cycling  stability  and  rate  capability. 

The  electrochemical  performance  of  the  3D  tin  anode  was  tested 
in  2032  coin  cells  using  lithium  metal  as  the  counter  electrode.  The 
CV  curves  recorded  at  a  scan  rate  of  0.2  mV  s^1  between  0  and  2.0  V 
are  shown  in  Fig.  3a.  The  first  CV  cycle  shows  a  broad  reduction 
peak  located  at  1.2  V,  which  disappears  during  the  second  and  third 
cycles.  It  is  well  known  that  LixSn  formation  does  not  occur  above 
0.8  V  [4-6].  The  peak  at  1.2  V  has  been  attributed  to  the  catalytic 
decomposition  of  electrolyte  on  Sn  surface  [25-28].  All  other  peaks 
in  the  CV  curve  are  typical  for  a  Sn  anode  and  consistent  with  the 
literature  [22,24,29,30].  The  corresponding  charge-discharge 
plateaus  were  also  found  in  the  charge-discharge  curves  as 
shown  in  Fig.  3b.  As  seen  in  Fig.  3b,  the  initial  irreversible  capacity  is 
~36%,  which  is  lower  than  those  reported  in  literature  for  elec- 
trodeposited  Sn  anode  [17].  The  main  irreversible  capacity  results 
from  the  formation  of  a  solid  electrolyte  interphase  (SEI)  film.  The 
oxidized  Sn/Ni  (oxygen  was  found  by  EDS  as  shown  in  Fig.  lb)  also 
has  a  contribution  to  the  irreversible  capacity. 

Fig.  4  shows  the  cyclic  stability  and  the  corresponding 
coulombic  efficiency  for  the  3D  Sn  anode  cycled  between  0  and 
1.5  V.  The  first  discharge  capacity  is  1308  mAh  g-1  and  the  first 
charge  capacity  is  930  mAh  g-1.  Here,  the  discharge  process 
corresponds  to  lithiation  process  and  the  charge  process  corre¬ 
sponds  to  delithiation  process  of  Tin  electrodes.  The  initial  charge 
capacity  is  very  close  to  the  theoretical  capacity  ( ~  959.5  mAh  g_1) 
of  Sn.  The  coulombic  efficiency  quickly  increases  from  the  initial 
64%  in  the  first  cycle  to  above  99%  by  20  cycles  and  then  stabilized 
around  99.7%  after  30  cycles.  At  100  cycles,  the  retained  capacity  is 
about  560  mAh  g-1.  The  capacity  decrease  per  cycle  is  approxi¬ 
mately  0.4%.  The  stability  of  this  TMVlcys  structured  3D  tin  anode 
is  much  better  than  the  previously  reported  electrochemically 
deposited  Sn  anodes  [15-18].  The  superior  capacity  retention  and 
coulombic  efficiency  of  TMVlcys  structured  Sn  anode  shows  that 
the  nickel  core  inside  each  tin  tubular  shell  significantly  improves 
the  structural  integrity  of  the  anode.  The  large  contact  area 
between  tin  and  nickel  (current  collector)  favors  both  uniform 
lithium  insertion  and  extraction.  In  addition,  the  void  space  in  the 
3D  structure  is  very  efficient  in  reducing  the  stress  and  preventing 
pulverization  at  the  Sn  anode  surface  during  lithiation  and  deli¬ 
thiation  processes.  These  attributes  are  thus  responsible  for  the 
observed  stability  of  the  anode  during  repeated  cycling. 


Fig.  3.  (a)  Cyclic  voltammograms  at  0.2  mV  s  1  and  (b)  charge-discharge  curves  at 
1A  g  1  current  of  Sn/Ni/TMVlcys  anode. 

Fig.  5  shows  the  impedance  of  the  patterned  electrodeposited 
tin  on  Ni/TMVlcys  3D  current  collector  after  different  cycles.  The 
impedance  was  measured  after  the  tin  was  fully  lithiated.  All  the 
impedance  spectra  have  similar  features:  a  depressed  semicircle  at 
medium-to-high  frequency  range  and  an  inclined  line  at  low 


Fig.  4.  Stability  of  the  3D  tin  anode  at  1A  g  1  using  lithium  metal  as  counter  electrode 
and  1M  LiPF6  in  EC/DEC  (1:1)  as  electrolyte. 
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capability  is  much  higher  than  other  electrodeposited  tin  [15-18] 
or  graphite-tin  composites  [30].  The  improved  rate  capability  of 
our  electrodeposited  Sn  anode  can  be  attributed  to  the  electronic 
conductivity  of  the  Sn  shell  and  nickel  core. 

4.  Conclusion 

A  patterned  3D  Sn  anode  is  fabricated  by  electrodepositing  Sn 
on  a  self-assembled  TMVlcys  structured  nickel  current  collector  in 
a  neutral  aqueous  solution.  The  large  amount  of  void  space  among 
this  unique  nano-patterned  3D  current  collector  provides  the 
electrodeposited  Sn  anode  with  excellent  stability.  The  retention  of 
capacity  is  560  mAh  g-1  after  100  cycles  and  the  average  capacity 
fading  rate  is  0.4%.  The  rate  performance  investigation  shows 
a  370  mAh  g-1  capacity  at  2  A  g-1. 
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Fig.  5.  Impedance  study  of  the  3D  tin  anode  using  lithium  metal  as  counter  electrode 
and  1M  LiPF6  in  EC/DEC  (1:1)  as  electrolyte. 


frequency,  which  is  in  good  agreement  with  previously  reported 
impedance  spectra  of  tin  anode  [17,31  ].  The  inclined  line  in  the  low 
frequency  region  represents  the  lithium  diffusion  impedance,  while 
the  depressed  semicircle  is  attributed  to  the  overlap  between  the 
SEI  film  and  the  interfacial  charge  transfer  impedance.  Impedance 
studies  reveal  that  the  total  SEI  and  charge  transfer  resistances 
increase  at  first,  and  then  decrease  after  the  10th  cycle.  Similar  to  Si/ 
Ni/TMVlcys  anodes  [20],  the  improved  kinetics  of  the  charge/ 
discharge  cycles  may  be  attributed  to  increased  tin  porosity 
resulting  from  repeated  volume  changes  that  occur  during  lithium 
insertion/extraction. 

The  unique  3D  substrate  architecture  of  this  anode,  the  high 
electronic  conductivity  of  the  nickel  core,  and  the  integrity  of  the 
nickel  core  and  tin  shell  in  our  electrodeposited  tin  anode  combine 
to  produce  a  novel  anode  with  enhanced  rate  performance.  As 
shown  in  Fig.  6,  the  TMVlcys  structured  Sn  anode  was  cycled  at 
various  current  densities.  At  each  current  density,  the  battery  was 
tested  for  20  cycles.  The  electrodeposited  tin  shows  an  average 
capacity  of  750  mAh  g-1,  370  mAh  g-1, 150  mAh  g-1,  30  mAh  g-1  at 
1  A  g-1,  2  A  g-1,  4  A  g-1,  8  A  g-1,  respectively.  The  average  capacity 
of  the  Sn  anode  decreases  from  750  mAh  g'1  to  370  mAh  g'1  with 
increasing  current  density  from  1  A  g'1  to  2  A  g-1.  This  rate 


Cycle  number 

Fig.  6.  Rate  performance  of  the  3D  tin  anode  using  lithium  metal  as  counter  electrode 
and  1M  LiPF6  in  EC/DEC  (1:1)  as  electrolyte. 
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